Chronic tendinopathy in an active and ageing population represents an increasing burden to healthcare systems. Rotator cuff tendinopathy alone accounts for approximately 70 % of all shoulder pain. Tendinopathic tissue has a disorganised extracellular matrix, altered vasculature, and infiltration of fibroblasts and inflammatory cells. This altered biology may contribute to the limited success of surgical repair strategies.
Introduction
The morbidity associated with tendon disease is an escalating challenge for healthcare systems looking after an active and increasingly ageing population (GBD 2013 DALYs, 2015 . Shoulder pain accounts for over 2 % of annual primary care consultations in the UK and up to 70 % of these are due to rotator cuff tendinopathy (Chard et al., 1991; Urwin et al., 1998) . Tears of the rotator cuff are painful and debilitating. Conventional surgical repairs using non-degradable sutures and anchors to re-attach the diseased tendon to bone are both costly and associated with failure rates of over 40 % (Bishop et al., 2006; Galatz et al., 2004; Sugaya et al., 2007) .
The 'intrinsic' mechanism for tendon degeneration, previously proposed by Codman and Akerson (Codman and Akerson, 1931) , is supported by reports of changes in diseased tendon vascularity, extracellular matrix (ECM) composition, cell number, morphology and inflammatory signalling pathways (Dakin et al., 2015; Dean et al., 2012) . Similarly, surgical repair is associated with an increase in vascularity, cell proliferation and expression of stress response genes (Dean et al., 2014) . Taken together, these findings suggest that resident tendon cells may play a crucial role in maintaining the ECM and responding to external stimuli which disrupt tendon homeostasis.
The growing field of tissue engineering has produced a number of important technological advances in the development of reparative scaffolds. These include 3D printing, hydrogel processing, multilayer fibrous scaffolds, bio-printing and electrospinning of fibres. We have previously demonstrated that electrospun polydioxanone (PDO) fibrous scaffolds encourage the migration and proliferation of primary human tendon cells (Hakimi et al., 2015) . PDO has a number of advantageous material properties. It has a well-established safety record as a suture material in patients. It is absorbable which eliminates the long term risk of infection. Fibre diameters in the range of 0.05-5 μm can be produced, mimicking the fibrous hierarchy of normal tendon architecture from collagen fibrils (< 500 nm) to primary bundles within a fascicle (< 5 μm). Finally, the manufacturing process is relatively simple, safe and can be scaled up to suit commercial requirements (Doshi and Reneker, 1993; Sill and von Recum, 2008) .
The migration, proliferation and morphological alignment of tendon cells within extracellular matrices are thought to be important stages of repair and are commonly used as in vitro measures of putative therapeutic scaffolds. Mouse and human fibroblast cell lines, mesenchymal A Kendal et al.
Polydioxanone fibres modify cell behaviour stem cells, and primary human cells from healthy tendon samples have all been shown to change their shape and behaviour in response to electrospun fibres (Bashur et al., 2009; Bhowmick et al., 2016; Chaurey et al., 2012; Fleischer et al., 2015; Hakimi et al., 2015) . What is not clear is if there is a difference in the response of tendon cells from diseased versus healthy human tendons to therapeutic electrospun fibres. Investigating this is an important step in establishing the role of electrospun fibres in treating tendinopathic tears. The hypothesis of this study is that electrospun resorbable PDO fibres can influence the behaviour of human tendon cells from both healthy and diseased tendons despite their phenotypic differences. The aim of this study was to identify characteristic differences between diseased and healthy tendon cells and compare their responses to therapeutic electrospun fibres.
Materials and methods

Collection of tendon tissue samples
Tendon biopsies were collected from patients with informed donor consent under ethics from the Oxford Musculoskeletal Biobank (09/H0606/11) in compliance with National and Institutional ethical requirements. Hamstring tendon biopsies (healthy) were obtained from patients undergoing anterior cruciate ligament reconstruction using gracilis and semimembranosus tendons. Rotator cuff tear samples (diseased) were obtained through biopsy of supraspinatus tendons of patients over 40 years of age undergoing surgical repair for rotator cuff tears (Table 1) . Supraspinatus tendon samples were typically 10 mm × 10 mm. Hamstring tendon samples were usually 80 mm × 15 mm. Biopsy samples were immediately transferred into sterile tubes containing DMEM F12 media (Lonza, Slough, UK) in the operating theatre and were taken to the laboratory for cell isolation.
Isolation of tendon cells
Both hamstring and torn rotator cuff tissue samples were cut into approximately 2 mm × 2 mm squares and transferred into 6-well plates (Corning Inc., Corning, NY, USA). Cells were initially grown from explant samples in 50 % foetal calf serum (FCS) before culture in 10 % FCS. Thereafter cells were grown in 'culture media' containing DMEM F12 media (Lonza, Slough, UK), 10 % foetal bovine serum (Labtech, Uckfield, UK), and 1 % Penicillin-Streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) that was replaced every 3 d. Once the cells had reached confluence, they were gently scraped and transferred to 10 cm Petri dishes (Greiner, Frickenhausen, Germany). Cells from each patient were used separately for each experiment and were used up to the 4th passage to avoid phenotypic drift experienced at higher passages (Yao et al., 2006) .
Electrospinning of aligned polydioxanone fibres
Polydioxanone (PDO) fibres were electrospun using a modified version of a previously described protocol ( Fig.  1) (Hakimi et al., 2015) . In order to produce electrospun fibres with diameter less than 1.5 µm, a 7 % w/v polymer solution of PDO (Sigma-Aldrich, Gillingham, Dorset, UK) in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFP, Fluka Analytical/Sigma-Aldrich) was prepared and supplied by a syringe pump (Harvard Apparatus-PHD 2000, Kent, UK) at a flow rate of 1 mL/h. An IME electrospinner (IME Technologies, Spaarpot, the Netherlands) spun the fibres at 25 ℃ and 30 % humidity, from a single nozzle setup at voltage of 7.5-8.5 kV (Glassman, Bramley, Hampshire, UK) with a distance of 26.5 cm between the nozzle and the grounded electrode. PDO fibres were electrospun for between 90 to 120 min to achieve the requisite range of Polydioxanone fibres modify cell behaviour fibre density that was then confirmed by light microscopy. Aligned fibres were produced by electrospinning onto a collector covered with aluminium foil which was rotated at 1,000 rpm. The electrospun PDO fibres were stored under vacuum desiccation for up to three months.
Preparation of scaffold constructs
Apart from the live cell imaging assays (see 'Live cell imaging' below), discs of PDO were produced by melting 0.040 g of PDO between two cover-slips lined with aluminium foil at 165 ℃ for 120 s. For a further 30 s a 10 N m force was applied before the discs were left to cool at room temperature and pressure. The discs were sprayed with 70 % ethanol and removed with curved jewellers forceps before being sterilised in 100 % ethanol for 60 min and rinsed 5 times with 1 × PBS. They were placed in 24-well culture plastic plates and firmly wedged against the well bottom by Cell Crown™ inserts (Sigma-Aldrich) to create a smooth PDO culture surface for cells. The final diameter of the discs was between 14.5 and 15.5 mm. Discs with smaller diameters failed to cover the Cell Crown and larger discs buckled when placed in 24-well plates. Cells were then seeded directly onto the PDO disc surface. PDO electrospun fibres could be added to this construct by placing the Cell Crown™ top-down onto an appropriate sized square of aluminium sheet covered with electrospun fibres. The fibres were sprayed with 70 % ethanol to help them detach. Curved jewellers forceps were used to place the fibres onto the Cell Crown™. Securing the crown helped further stretch the aligned fibres (see Fig. 1 ) before the construct was inverted and placed directly against the PDO disc in a 24-well plate.
Live cell imaging Cell transfection with GFP-LifeACT
Human cells from healthy and diseased tendons were transfected with GFP-Clover-Lifeact-7 (Plasmid #54551, (Lam et al., 2012) ) using FuGENE ® HD Transfection Reagent (Promega). Human tendon cells were aliquoted to a 10 cm Petri dish 24 h in advance to achieve 60-70 % confluence on the day of transfection. FuGENE ® HD Transfection Reagent was mixed with 0.1 µg of LifeACT plasmid (A260:A280 ratio of 1.7-1.9 and concentration of 0.2-1.0 mg/mL) at ratio of 2:1 and made up to the appropriate final volume with Opti-MEM I Reduced Serum Media (ThermoFisher Scientific) as per manufacturer's instructions. Cells were cultured at 37 ℃ in DMEM F12 (Lonza, Slough, UK) with 10 % foetal bovine serum (Labtech, Uckfield, UK) but without antibiotics. The medium was changed after 48 h and after a total of 72 h, Fig. 2 and 3 ), a raft of parallel PDO monofilaments (Ethicon PDSII sutures) were used as a control PDO surface (e). SEM of PDO discs used as a control PDO surface in all other assays (f).
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Preparation of PDO electrospun fibre constructs
'PDSII' monofilament PDO sutures (PDS) of 0.3 mm diameter (Ethicon, Johnson and Johnson Medical, Livingston, West Lothian, UK) were used as a smooth control surface in all live cell imaging assays because they allowed sufficient visible and UV light to pass for wide field microscopy. A raft of parallel aligned 2 '0' PDS monofilament sutures was placed over the top of a 24-well plate Cell Crown™ insert (Sigma-Aldrich, Fig.  2 ). Aligned electrospun PDO fibres were then stretched over this surface at 90° to the PDS monofilaments. The monofilament / electrospun fibre construct was secured in place by the crown of the CellCrown™ insert. By partially covering the raft of PDS with electrospun fibres, it was possible to have areas with and without fibres on the same construct. The construct was sterilised in 100 % ethanol for 60 min and rinsed five times in sterile 1 × PBS.
Cell seeding onto construct and live imaging
In order for sufficient cells to adhere to the electrospun fibres for the live cell imaging assays, 500 μL of a suspension of cells at 1 × 10^5 cells/mL in culture medium (DMEM F12 media, 10 % foetal bovine serum and 1 % PenicillinStreptomycin) was seeded onto the PDO monofilament/ fibre CellCrown™ construct. Cells were allowed to adhere for 10 min before the CellCrown™ construct was inverted and firmly placed into a well of a glass bottomed 24-well plate containing 750 μL of culture medium. The construct was kept approximately 2 mm above the floor of the 24-well plate to ensure that the cells were close to the microscope objective, without being in contact with the glass bottom. During the 24 h live imaging assay, cells were kept in a sealed chamber with CO 2 inflow and at a temperature of 37 ℃. A Nikon Eclipse TE2000-E wide field live-cell imaging microscope was used to capture images and Volocity v6.3 was used to measure the X(max):Y(max) ratio (see Fig. 2 ). In order to isolate the effect of topography on cell morphology, any cell that was part of a cluster was excluded from the analysis. Statistical significance was determined by 2 way ANOVA performed by GraphPad Prism v5 software (GraphPad Software Inc., California, USA).
Cell proliferation
Approximately 15,000 human tendon cells were seeded onto (i) the (plastic) base of a 24-well tissue culture plate, (ii) PDO discs or (iii) PDO discs + aligned PDO electrospun fibres (see 'Preparation of electrospun polydioxanone fibres and control surfaces', above) and incubated at 37 ℃ with 6 % CO 2 . Cell proliferation was quantified using alamarBlue ® Assay, which has previously been validated (Ahmed et al., 1994; Voytik-Harbin et al., 1998) . After 24 h the PDO constructs were transferred into fresh 24-well plates to exclude from the analysis any cells not attached to the PDO. 1 mL of TrypLE™ (ThermoFisher Scientific) was added to the original 24-well plates, and PDO discs in the case of PDO discs + electrospun fibres, and cell counting for each assay confirmed that virtually all the cells adhered to the electrospun fibres under these conditions. This same process was also used for the immunofluorescence and gene expression analysis (see below). The constructs were incubated for 4 h in 5 % alamarBlue ® (Invitrogen) in standard media at day 1, day 4 and day 7. Fluorescence was measured at 485 nm excitation and 520 nm emission using a FLUOstar optima microplate reader (BMG Labtech, Ortenberg, Germany) and compared to a cell density calibration curve of hamstring cells cultured on a 24-well plate under the same conditions. Technical triplicates were performed for each biological sample.
Immunofluorescence analysis and monoclonal antibodies
Hamstring and diseased rotator cuff tendon cells were detached using 1 mL of TrypLE™ (ThermoFisher Scientific) pre-warmed to 37 ℃. Cells were then washed three times in 1 × PBS containing 0.1 % NaN 3 and 0.1 % BSA and were labelled directly with fluorescently conjugated monoclonal antibodies (mAb) or isotype control mAb. For flow cytometry (FACS) staining, anti-CD9 (H19a) PE-conjugated mouse IgG1k, anti-CD10 (H10a) BV421-conjugated mouse IgG1k, anti-CD26 (BA5b) FITC-conjugated mouse IgG2a, anti-CD106 PEconjugated mouse IgG1k and anti-CD34 (581) PerCPconjugated mouse IgG1k (BioLegend, CA, USA) were used to label cells in PBS containing 0.1 % NaN 3 , 1 % BSA and FcR human blocking reagent (Miltenyl Biotech) at 4 °C. When required, the cells were then washed in PBS containing 0.1 % NaN 3 and 0.1 % BSA. Cells were fixed in PBS containing 0.1 % NaN 3 , 1 % BSA and 2 % formaldehyde. Post compensation twelve-colour analysis was performed with a LSR-Fortessa flow cytometry analyser (BD Biosciences) using 4 lasers; violet (405 nm), blue (488 nm), yellow-green (561 nm) and red (640 nm). The analysis gate was set on the forward (155 V) and side scatters (225 V) to eliminate cell debris, and dead cells were further excluded using Fixable Viability Dye eFluor ® 780 (BioLegend). Positive and negative gate analysis was determined with reference to corresponding samples incubated with isotype control mAb. The percentage of live cells that expressed significant levels of cell surface proteins was determined with reference to corresponding cells incubated with isotype control antibodies. Gene expression; RNA extraction, cDNA synthesis and RT-qPCR Each type of construct was seeded with approximately 15,000 tendon cells. Following 7 d in culture medium, tendon cells were detached using 1 mL of TrypLE™ (ThermoFisher Scientific), pre-warmed to 37 ℃. After washing with 1 × PBS (Sigma-Aldrich), the cell pellet was resuspended in 350 μL of RNeasy Mini Kit RLT buffer (Qiagen) and immediately placed in −80 ℃ for storage. mRNA extraction and purification was achieved using RNeasy Mini Kit (Qiagen), following the manufacturer's instructions. mRNA purity and concentration was measured using a Nanodrop ND1000 Spectrophotometer (Nanodrop Technologies, Willington, DE, USA). mRNA samples with a 260:280 ratio greater than 1.6 and a concentration A Kendal et al.
Polydioxanone fibres modify cell behaviour greater than 5 ng/μL were used in subsequent assays. cDNA was generated using a High-Capacity cDNA Reverse Transcription Kit (ThermoFisher/Applied Biosystems) in the presence of RNasin ® Plus RNase Inhibitor (Promega) for 10 min at 25 ℃, 60 min at 37 ℃ and 5 min at 85 ℃. cDNA samples were stored in RNAse free water at −20 ℃. RT-qPCR was performed with a ViiA7 real-time PCR machine (Applied Biosystems) using Fast SYBR ® Green Master Mix (ThermoFisher/Applied Biosystems) and the following QuantiTect primers for type-I collagen (COL1A1), type-III collagen (COL3A1), type-VI collagen (COL6A1), scleraxis (SCXB) and tenomodulin (TNMD) (Qiagen, Hilden, Germany). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and TATA-binding protein (TBP) were used as endogenous reference genes. Gene expression was calculated using the comparative CT method (Schmittgen and Livak, 2008).
Statistical analysis
GraphPad Prism v5 software (GraphPad Software Inc., California, USA) was used to confirm normality of cell shape using Shapiro-Wilk testing and performed 2 way ANOVA on changes in cell morphology during live cell imaging, cell proliferation and flow cytometry assays. Kruskal-Wallis test, with Dunn's correction for multiple testing, was performed using Prism v5 for RT-qPCR gene expression assays.
Results
Human cells were obtained from hamstring tendons and torn rotator cuff tendons (RCT), allowing an in vitro comparison of healthy and diseased tendon cells respectively. Cell behaviour on electrospun PDO was Fig. 3 . Primary human cells from healthy hamstring tendons (healthy; square) and from torn rotator cuff tendons (diseased; triangle) were transfected with GFP-LifeAct and seeded onto PDO monofilament/ electrospun fibre constructs (see Fig. 2 ). Live cell capture imaging was performed using a wide field microscope over a 24 h period. Based on previous results, electrospun fibre density of 35 fibres per 0.01 mm 2 was used for both groups. An example of healthy Polydioxanone fibres modify cell behaviour compared to tissue culture plastic and discs of PDO in all assays (Fig. 1 ) except for live cell imaging in which PDO monofilament suture was used as a control surface ( Fig. 2a-d) .
Wide-field live cell image capture microscopy was used to investigate the immediate morphological response of primary human tendon cells to electrospun fibres. GFP labelled healthy and diseased tendon cells were seeded onto aligned PDO electrospun fibres of 1.30 μm diameter (Fig.1 c-d, s. d. 0.38) or PDO monofilament suture of approximately 300 μm diameter (Fig. 1e) . A scaffold was designed in which aligned PDO electrospun fibres of varying density were stretched at 90° over PDO monofilament suture (Fig. 2a) . This orthogonal orientation of PDO electrospun fibres to PDO monofilaments meant that preferential migration and alignment of tendon cells along the electrospun fibres could be measured by an increase in the ratio of the maximal X dimension compared to the maximal Y dimension (Fig. 2b-d) . Areas of the scaffold were kept bare of PDO electrospun fibres and had only PDO monofilament, representing a negative control surface.
Within 4 h of coming into contact with the scaffold, healthy tendon cells rapidly changed their shape, aligning and elongating along individual PDO electrospun fibres (Fig. 2c,e) . This cellular morphological response was dependent on fibre density. Fig. 2e demonstrates that as the density of aligned PDO electrospun fibres was increased from 5 fibres per 0.01 mm 2 up to 36 fibres per 0.01 mm 2 , the change of X(max)/Y(max) with time significantly increased to a final ratio of 11.9 (s.d. 6.5) for 36 fibres per 0.01 mm 2 (p < 0.0001 vs. all other groups). In comparison, hamstring cells seeded onto PDO monofilament without electrospun fibres ( Fig. 2e ; stars) demonstrated very little morphological change over the 24 h period and maintained similar X versus Y dimensions (X(max)/Y(max) ~ 1).
Having demonstrated that healthy tendon cells elongate along electrospun PDO fibres, we investigated whether diseased cells from chronic tendinopathic rotator cuff tears (RCT) were also capable of a similar response. Based on the results in Fig. 2 , an electrospun fibre density of approximately 35 per 0.01 mm 2 was chosen (fibre densities greater than 45 per 0.01 mm 2 limited visibility). As before, human cells from healthy hamstring tendon donors spread along the aligned PDO electrospun fibres such that their maximal X dimension was a mean of 6.95 (s.d. 5.7) times that of the maximal Y dimension (Fig. 3c) . Cells from diseased tendon also aligned and elongated along PDO electrospun fibres, but at a slower rate (first derivative of 0.30 vs. 0.55 of healthy cells at 4 h) and with a final X(max)/Y(max) of 4.31 (s.d. 3.1) after 24 h (p < 0.001).
Fig. 4.
Approximately 15,000 primary human cells from healthy hamstring tendon and diseased torn rotator cuff tendon samples were seeded onto (i) culture plastic of 24-well plate, (ii) PDO discs or (iii) PDO discs + electrospun fibres at day 0. Cell numbers were quantified using alamarBlue ® assay at day 1, 4 and 7. Proliferation rate was calculated as the fold increase in cell number from day 1 to day 4 (a) and from day 1 to day 7 (b). Healthy and diseased tendon cells cultured on tissue culture plastic (black) had significantly higher proliferation rates at day 4 and day 7 than those cultured on PDO discs (grey) or PDO discs + electrospun fibres (white, p < 0.001). The proliferation rate of diseased tendon cells cultured for 7 d on PDO discs + electrospun fibres was significantly greater than on PDO discs alone. (2.10 vs. 1.74 respectively, p < 0.05. Healthy, n = 6 and diseased, n = 5, technical triplicates).
Day 4 versus day 1 Day 7 versus day 1
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The fold increase in cell number from day 1 to day 4 ( Fig. 4a) and from day 1 to day 7 (Fig. 4b) was measured using an alamarBlue ® assay for healthy and diseased tendon cells. There was no significant difference between the proliferation rate of healthy and diseased tendon cells on culture plastic of 24-well plates. In both cases, the proliferation rate on culture plastic was significantly greater than on PDO discs or PDO discs + electrospun fibres (p < 0.001). There was a significant increase in the proliferation rate of diseased tendon cells cultured on PDO discs + electrospun fibres compared with PDO discs alone at day 4 (mean fold increase of 1.3 vs. 1.1, p < 0.05) and at day 7 (mean fold increase of 2.1 vs. 1.5, p < 0.05). A similar trend was seen for healthy tendon cells but was not statistically significant.
In order to help characterise phenotypic differences between cells from healthy and diseased tendons in response to PDO electrospun fibres, flow cytometry was performed using fluorescent monoclonal antibodies against CD106, expressed on undifferentiated mesenchymal stem cells, as well as CD10 and CD26, expressed on adult human dermal fibroblasts. A higher percentage of diseased tendon cells on culture plastic and PDO discs were CD106-negative compared with healthy tendon cells ( Fig. 5a ; mean 78 % vs. 57 % respectively, p < 0.01). This was not the case when cells were cultured on PDO discs + electrospun fibres which resulted in a significant increase in the number of CD106-negative healthy tendon cells from 57 % to 75 % (p < 0.05). The proportion of CD106-negative diseased tendon cells did not vary significantly with the different culture conditions. No significant difference in CD26 expression was found between healthy and disease tendon cells and there was no significant change in relation to the different culture surfaces (Fig. 5c) . Significantly more healthy tendon cells expressed CD10 on their cell surface compared to diseased tendon cells when exposed to culture plastic (mean 68 % vs. 29 %), PDO discs (74 % vs. 40 %) or PDO discs + electrospun fibres (60 % vs. 34 %, p < 0.001. Fig. 5b) . No significant change in expression of CD10 alone was
Polydioxanone fibres modify cell behaviour observed for healthy or diseased tendon cells in relation to culture on different surfaces. There was a difference in the percentage of healthy versus diseased cells cultured on PDO discs+electrospun fibres that co-expressed CD106 neg CD10 + CD26 + (21 % vs. 8 % respectively, p < 0.01, Fig. 5d) .
Reverse transcriptase quantitative PCR demonstrated a significant increase in the ratio of COL1A1:COL3A1 mRNA expression in healthy compared with diseased tendon cells after 7 d of culture on both PDO discs and PDO discs + electrospun fibres (Fig. 6c, p < 0.05 ). There was a significant increase in the ratio of COL1A1:COL3A1 mRNA expression by healthy tendon cells when cultured on PDO discs and PDO discs + electrospun fibres compared with the ratio on culture plastic (p < 0.05). A similar trend was seen for diseased tendon cells but this was not significant. No significant difference in expression of COL6A1 or SCXS was found after a total of 7 d of culture (Fig. 6a-e) .
Discussion
This is the first study to compare directly the responses of human cells from healthy and diseased tendons to electrospun fibres. Electrospun PDO fibres were able to modify the behaviour of tissue resident human cells from both healthy and also diseased tendons. Cells from healthy tendons differed in vitro from those of diseased tendons in terms of dynamic cell morphology, COL1A1:COL3A1 mRNA expression and cell surface proteins.
In order to follow the morphological response of human tendon cells to physical stimulation by PDO electrospun fibres, we designed a competitive live cell imaging assay. Aligned PDO electrospun fibres were placed orthogonally across a control surface of much larger PDO monofilaments; over 200 × the diameter. This ensured that GFP-labelled tendon cells only came into contact with PDO during the assay. It also meant that any conformation change of cells along either the PDO monofilament or electrospun fibres could be clearly demonstrated and quantified without involving bespoke in vitro models (Kim et al., 2009 ) with limited direct therapeutic application. Tendon cells from healthy hamstring tendons and diseased RCT samples markedly changed their shape to mimic the electrospun fibre contours and elongated along the aligned fibres. In keeping with previous studies, this response was dependent on fibre density (Bashur et al., 2009; Fleischer et al., 2015; Lee et al., 2005) . In general, the greatest change in morphology was observed within the first 12 h, thereafter the rate of change decreased. The hamstring cells seeded onto the higher fibre density (36 per 0.01 mm 2 ) in Fig. 2e demonstrated exceptional change beyond 12 h and resulted in a final X(max)/Y(max) of 11.9 (compared to 6.95 in Fig. 3c ). This group comprised fewer hamstring cells from fewer tendon donors and it is possible that the observed difference relates to biological variation that would normalise with greater numbers. The response of diseased cells to different PDO electrospun fibre densities was not pursued in this study. Diseased cells may respond optimally to a different range of fibre density than healthy cells.
Chaurey et al. have shown that cell directionality is also dependent on fibre diameter (Chaurey et al., 2012) . In our study, fibre diameter was kept constant at 1.30 µm and a fibre density of 35 fibres per 0.01 mm 2 (based on results in Fig. 2 ) was used in subsequent assays to explore the differential responses of healthy and diseased tendon cells. This morphology assay may prove a useful outcome measure to explore the effects of fibre diameter, density, porosity, composition and alignment on cell behaviour (Gomes et al., 2015) . Such work would directly inform the design of therapeutic electrospun scaffolds to help repair tendon tears. One important limitation is that the live cell imaging assay preferentially selects cells that are immediately adherent to the electrospun fibres. It may be interesting to investigate other differential characteristics of this selected group.
Cells from diseased rotator cuff samples initially responded to electrospun fibres at a slower rate than healthy cells, but nonetheless underwent a similar change in morphology. This is the first comparative demonstration that cells from chronically diseased tendons retain the ability to respond to external biomechanical cues. In addition, culture of diseased RCT cells on PDO electrospun fibres resulted in a significant increase in cell proliferation compared with PDO discs alone. Although a similar trend was seen for healthy hamstring tendon cells, it failed to reach significance. One possible explanation is that healthy cells achieved high proliferation rates irrespective of the trial surface.
Cell augmentation procedures, including extracorporeal cell culture with implantation, mesenchymal stem cells and induced pluripotent stem cells, have arisen partly because of a lack of confidence in the regenerative properties of resident cells in tendinopathic tissue. Many of the cell implantation strategies continue to face concerns over resource consumption, patient safety, quality control and manufacturing standardisation. In this context, the ability of cells from diseased tendons to grow on electrospun fibres supports the development of these absorbable scaffolds as a commercially viable augment to diseased tendon repair. However, these two important parameters, integration and cell growth, need to be demonstrated in vivo or in clinical trails to strengthen the case for these bioactive scaffolds.
The ratio of COL1A1:COL3A1 mRNA expression of both healthy and diseased cells tended to increase when cells were cultured on PDO electrospun fibres compared with PDO discs or culture plastic, and a significant increase in the ratio was found for healthy cells. Similarly, when cells were cultured on either PDO discs or PDO discs + electrospun fibres, the ratio of COL1A1:COL3A1 mRNA expression was significantly greater in healthy cells compared to diseased cells. A decrease in the ratio of type I: type III collagen has been reported in tendinopathic samples (de Mos et al., 2007; Ireland et al., 2001) , whereas an increase in this ratio was demonstrated in primary human fibroblasts grown on synthetic, rather than biological, scaffolds (Smith et al., 2016) . Taken
Polydioxanone fibres modify cell behaviour together, these results suggest that electrospun scaffolds are bioactive and able to regulate at least healthy tendon cell mRNA expression under these conditions. Further work may demonstrate whether changes in electrospun scaffold design can influence diseased tendon cells to express healthy tendon matrix proteins such as type I and type III collagen. We found no significant difference between the groups in the expression of type VI collagen, scleraxis or tenomodulin (data not shown) after 7 d of in vitro culture (Shukunami et al., 2006) . This study was limited to early in vitro outcomes and more comprehensive study is required to investigate the effect of biophysical stimulation on extracellular matrix production.
The heterogeneity of tendon derived cells and the absence of well described phenotypic groups continues to be a major limitation in studying their responses in vitro and in vivo. Flow cytometry offers one way in which fibroblasts can be sub-classified. However, previous studies have so far revealed only a handful of cell surface proteins that are preferentially expressed on fibroblasts as opposed to other derivatives of mesenchymal stem cells (Cappellesso-Fleury et al., 2010; Halfon et al., 2011; Mohanty et al., 2014) . These include CD106, CD26, CD10 and CD9. Human adult dermal and lung fibroblasts reportedly showed decreased expression of CD106 compared with mesenchymal stem cell lines, suggesting that this protein is lost from the surface of differentiated cells (Halfon et al., 2011) . CD106 (VCAM-1) is a membrane protein of the immunoglobulin super family and can be unregulated in response to proinflammatory TNF-alpha and IL-1 (Simmons et al., 1992) . Expression of CD106 gene was also shown to decrease after osteogenic differentiation of mesenchymal stem cells (Liu et al., 2008) . We found that a greater proportion of diseased tendon cells were CD106 neg compared to hamstring cells. This difference was annulled as a higher percentage of healthy tendon cells were CD106 neg when cultured on PDO electrospun fibres (Fig. 5) . The expression of two cell surface proteins found on differentiated dermal fibroblast lines, CD10 and CD26 (Cappellesso-Fleury et al., 2010) , were consistently higher on healthy than diseased tendon cells. We found no differential expression of CD9 in our studies (data not published identify when these changes occur, for example in response to prolonged inflammation or prior to tendon rupture. It would also be interesting to investigate whether a loss of surface CD106 correlates with increased expression of extracellular matrix proteins, a change in morphology or intracellular signalling.
Phenotyping of tendon cells, based on surface protein expression, is in the early stages of development and it is possible that these observations can be explained by the heterogeneity of the diseased versus the healthy tendon cell population. For example, this could account for the smaller population of CD10 + cells in diseased compared to healthy tendon cells, irrespective of their culture surface. In comparison to healthy tendons, it is likely that the cell population of diseased tendons changes significantly throughout the chronic pathological process. This may include an infiltration of acute and then chronic inflammatory cells, changes in tendon vascularity, the loss of undifferentiated cells, and phenotypic changes of fibroblasts, for example to a more chondroid phenotype (Dean et al., 2012; Matthews et al., 2006) This is an intriguing area of ongoing research and may highlight clusters of cell surface markers by which the various populations of diseased versus healthy tendon cells can be identified. Similarly, the ability to identify and isolate 'responsive' tenocytes using a collection of putative cell surface molecules is an important initial step in developing structural, pharmacological and cell based therapies.
This study compared the responses of human cells from two different tendons; healthy hamstring and diseased supraspinatus tendons (rotator cuff tears). We were unable to compare healthy and diseased cells from the same tendon due to practical and ethical restrictions. The healthy samples come from significantly younger patients raising the possibility that the observed differences are age, and not necessarily disease, related (Table 1) . Healthy hamstring tendons are longer, more cord like than the flatter supraspinatus tendon and are subject to different cyclical loading. The in vitro phenotypic differences we observed could reflect differential behaviour of cells from different anatomical sites. The availability of healthy and diseased supraspinatus tendon, ideally from the same patient, will help address these issues as well as investigating further behavioural differences of tendon cells throughout the disease spectrum of tendinopathy. In addition, the extent to which in vitro cell culture affects the behaviour of cells remains an important limitation. Both diseased and healthy tendon explanted samples were initially cultured in media containing 50 % bovine serum. This may have differentially affected diseased versus healthy cells. Investigating healthy and diseased cells immediately ex vivo, before further culture, will help reveal which characteristics of diseased cells can be overcome by putative therapies and which are hard wired in response to chronic tendinopathy.
By influencing and reacting to biophysical changes in the tissue, tendon cells could play a crucial role in maintaining tendon homeostasis in spite of mechanical attrition, acute injury or inflammatory insults. The increasing availability of synthetic scaffolds that mimic the extracellular matrix of tendons provides an opportunity to examine how these biophysical cues affect cell biology www.ecmjournal.org A Kendal et al.
Polydioxanone fibres modify cell behaviour or promote resolution of inflammation to enable healing (Dakin et al., 2015) . For the first time we have been able to show that cells from diseased, as well as healthy, tendons can be influenced by exposure to PDO electrospun fibres. Tendon cell interaction with the scaffold resulted in cell proliferation, marked changes in morphology, an increase in the ratio of type I to type III collagen mRNA expression and promotion of a differentiated cell phenotype (CD106negCD10 + ). This work supports the continued development of absorbable electrospun scaffolds as a therapeutic strategy to improve diseased tendon repair.
Conclusion
Human cells from diseased supraspinatus tendons show phenotypic differences compared to healthy hamstring cells in terms of dynamic cell morphology, cell surface proteins and type I to type III collagen mRNA expression. This study cannot exclude the different tendon types as an explanation for these observations. Despite these phenotypic differences, electrospun PDO fibres were able to induce marked morphological changes and increase the proliferation of diseased tendon derived cells.
Future work may use similar in vitro outcome measures to inform the design of absorbable scaffolds in the hope that they can further modify the behaviour of diseased cells. Beyond their therapeutic possibilities, the development of absorbable, synthetic extracellular scaffolds provides a means to explore how cells respond to biophysical cues to help maintain tissue homeostasis.
